To determine the molecular and cellular mechanisms of spinal cord regeneration in zebrafish. Materials and Methods: Medical databases of PubMed and Scopus were searched with following key words: Zebrafish; spinal cord injuries; regeneration; recovery of function. The map of mechanisms was performed using Xmind software. Results: Wnt/ß-catenin signaling, L1.1, L1.2, Major vault protein (MVP), contactin-2 and High mobility group box1 (HMGB1) had positive promoting effects on axonal re-growth while Ptena had an inhibitory effect. Neurogenesis is stimulated by Wnt/ß-catenin signaling as well as HMGB1, but inhibited by Notch signaling. Glial cells proliferate in response to fibroblast growth factor (FGF) signaling and Lysophosphatidic acid (LPA). Furthermore, fgf signaling pathway causes glia bridge formation in favor of axonal regeneration. LPA and HMGB1 in acute phase stimulate inflammatory responses around injury and suppress regeneration. LPA also induces microglia activation and neuronal death in addition to glia cell proliferation, but prevents neurite sprouting. Conclusion: This study provides a comprehensive review of the known molecules and mechanisms in the current literature involved in the spinal cord injury (SCI) regeneration in zebrafish, in a time course manner. A better understanding of the whole determining mechanisms for the SCI regeneration should be considered as a main goal for future studies.
Introduction
Spinal cord injury (SCI) in mammals leads to the loss of sensory and motor functions within and below the lesion site due to the non-regenerating nature of the central nervous system, which leads to neuronal cell death in the primary motor cortex (1) . It is one of the most damaging conditions among injuries with poor prognosis (2-4). The incidence of SCI has been reported to be 25.5 case per million per year in developing countries (5) . Functional recovery after adult mammalian SCI is limited in part by myelin inhibitors of axonal re-growth, in addition to a weak intrinsic neuronal growth response (6) .
In contrast to mammals, adult zebrafish is capable of neuronal proliferation, regeneration and functional restoration within 6-8 weeks after complete spinal cord transection via several regenerative processes in addition to surviving upper motor neurons in the brainstem against cell death (7, 8) . Adult zebrafish has evolved into a paradigmatic vertebrate system to identify novel genes vital for successful regeneration after SCI. However, exact molecular and cellular mechanisms of recovery in zebrafish CNS are not fully understood. Radial glia, such as resident neural progenitors, plays a key role in remarkable regenerative capacity of zebrafish spinal cord (9) . According to previous studies, the nuclei of medial longitudinal fascicle (NMLF) and the intermediate reticular formation (IMRF ( in the brain stem of zebrafish are the most potent regions for re-growing of descending axons toward spinal cord (8) .
Due to profound re-growing ability combined with genetic tractability, zebrafish has been considered as a useful model to understand the molecular mechanisms of spinal cord regeneration (10) . Much of the work on this model has been done over the past decade. Furthermore, embryonic neurons of both peripheral and central nervous systems respond to axonal injury by initiating pro-regenerative transcriptional changes that enable axons to extend, and adhere to appropriate targets, in order to retrieve sensorimotor function (11) . Behavioral recovery after spinal cord injury is clearly quantifiable using different tests (6) . Since most genes in zebrafish genomes have been highly conserved phylogenetically, the discovery of genes or proteins related to regenerative capacity could address new therapeutic strategies on how to deal with functional recovery after SCI in humans (12) . Here, we designed a systematic review in order to provide a framework of all the yet-known mechanisms of spinal cord regeneration in zebrafish after injury. Our goal is to understand the nature of the conditioning response in terms of its underlying cellular and molecular mechanisms.
Materials and Methods
This systematic review was conducted according to the Preferred Reporting Items for Systematic Reviews and Meta-analysis (PRISMA) statement (13) . On January 3, 2016, we searched PubMed using "(spinal cord inj*) AND zebrafish" and Scopus using "TITLE-ABS-KEY (spinal cord inj*) AND TITLE-ABS-KEY (zebrafish)" in order to compile related papers on the spinal cord injury in zebrafish. Due to the lack of a massive literature related to the topic, we chose our search strategies more specifically in order to include all the possible related data. After removing the duplicates, 130 different records were entered for screening by three independent reviewers (Zeynab Noorimotlagh, Mahla Babaie and Mahdi Safdarian). Reviews and non-original articles were excluded at this stage. Full-texts of the remaining manuscripts were retrieved and further screened by reviewers. Fifty three papers were known as eligible for full text review, from which 32 were considered as final papers for full text data extraction (PRISMA diagram). We used the 15-item checklist developed by the Delphi study of Hassannejad et al. (14) for potential variables affecting animal studies on SCI. We prepared the related extraction data sheet with a few modifications according to our study (Supplementary file 1). The characteristics of the studies including the subject, definition and function of the molecule as well as the site of its expression were extracted from the text of the papers. Study methods used to investigate the results of studies were shown in an acronym form, in addition to the most critical times of the study following injury described as 'hours post-lesion (hpl)', 'days postlesion (dpl)' and 'weeks post-lesion (wpl)'.
This information besides fish strain/species, gender, age, weight or length, sham and control group data, method and level of injury, methods and drugs used for anesthesia as well as housing conditions were all extracted from the papers to provide comprehensive information on the quality and methodology of the studies.
Then, the pooled data was used to draw a concept map of mechanisms involved in spinal cord injury regeneration after SCI in zebrafish. To fulfil this aim, Xmind 7.5 update (XMind Ltd, a Hong Kong registered business) drawing map software was utilized. In order to categorize the data into a better classification, a results table was drawn (Supplementary file 2) . Consequently, the results table was converted into two maps in order to indicate time course changes (Time course map) and relationships between cells and molecules (Cellular map). A guide to read these maps is constructed below every map.
Results

Characteristics of studies
From the total 32 included studies, 24 used wild type transgenic adult zebrafish (Danio rerio) as the most frequent animal model for the study. Three studies used both adult and embryonic (larva) zebrafish and 3 used embryonic zebrafish. Characteristics of the 32 studies are illustrated in Table 1 . In the aspect of age and length of the fishes, four studies used 3-6 month-old fishes, two used 4 months (2-cm-legnth), eight used 6 months, three older than 6 months (> 2.5 cm) fishes, five 3-4 centimeters length and three larger than 2-centimeter length fishes. Immersion in 0.033% phosphate-buffered saline (PBS, pH 7.4) containing 0.033 aminobenzoic acid ethylmethylester or 0.02% tricaine methanesulfonate were the most common anesthesia methods used in the studies. Sixteen studies reported the direction of recovery from caudal to the injury site. Three studies reported that they worked on only male fishes; six used both male and female and others did not mention the sex of the animal. Maintaining the fishes at 28 o C on 14 hr light and 10 hr dark cycles was the most frequently used housing condition in the studies.
Description of the statistical analysis and ethics were reported by all studies. A complete transection (n=27) between the eighth and ninth vertebrae (about 4 mm caudal to the brainstem-spinal cord transitional junction) following a longitudinal incision to the vertebral column were the most common injury method and level (n=26) used for inflating SCI. Thirteen studies used the sham-lesioned control with identical surgical procedures without spinal cord cut versus 15 studies that used un-lesioned control fishes. Immunohistochemistry (n=29) and in situ hybridization (n=23) were the most frequent cellular, molecular and histological methods applied to investigate the regeneration followed by quantitative real-time polymerase chain eaction (RT-PCR) (n=15) and locomotor analysis (n=16). The frequency of study methods is shown in Table 2 . 
Concept map
The time course map (Figure 1 ) has been drawn to show the main phases of regeneration processes including immediately after the injury (less than 24 hr), defined as acute phase and one to 20 dpl as chronic phase after spinal cord injury in the zebrafish. In each phase of regeneration, we highlighted some days based on the occurrence of specific events or upregulation of mRNAs and proteins on those days. Considerable events of each phase are described in a time course manner.
The cellular map (Figure 2 ) was drawn to display two features of each molecule including the origin of secretion or expression and regeneration-rel a ted function of each molecule (for example, proteins and mRNAs or other substances such as serotonin).
Discussion
The zebrafish is an excellent model to study the mechanisms underlying axonal regeneration after SCI. Due to embryo transparency, the zebrafish has been established as a model of vertebrate development for several decades and by sequencing its genome, many molecular tools have been developed for detecting neuronal re-growth (41). After SCI, acute and chronic regenerative responses are seen and then functional recovery is achieved in about 6 wpl. No additional improvement has been observed at 10 wpl (16) . Based on previous researches, we considered less than 24 hpl as the acute response phase after injury and later than 1 dpl as the chronic phase (30, 25) . Here, we discuss the most critical cellular and molecular mechanisms, engaged in successful regeneration of zebrafish spinal cord in a time course manner. 
Acute response phase
Immediately after the injury, infiltration of blood cells including RBC and macrophage to the injury site (27) . Among all molecular and cellular modifications, some are in favor of regeneration and others could be inhibitory factors. In the acute phase, motor neurons of NMLF express contactin-2, miR-133b, Sox11b and Ascl1 within 6 to 12 hpl (30) play positive roles in axonal regeneration (43) . Sox11b (a regulator of nestin), miR-133b and Ascl1 are also upregulated in ependymal cells as well as newly generated neurons (25) . Motor and immature neurons around the central canal and also in the white matter express phosphatase and tensin homolog A (Ptena) at 12 hpl to act as an inhibitory factor on re-growth of fibers and regenerating axons from brain stems nuclei such as NMLF (31) . Also, at 6 hpl, measurements showed miR-133b upregulation in ependymal cells located around the ventricle as well as in neurons of NMLF, which play a major role in axonal regeneration (43) . Large neuronal-like and glia-like cells along the midline and central canal upregulated lysophosphatidic Acid (LPA) in the large neuronal-like and glia-like cells along the midline and central canal also inhibits acute regeneration response (23) . In addition, motor neurons and endothelial cells in NMLF release HMGB1, mediate inflammation at the acute phase (4 and 12 hpl) (22) but induce regeneration during chronic phase after injury (27) . Sox11b regulates nestin and also Ascl1 expression after the lesion. These molecules in ependymal cells as well as the newly generated neurons are upregulated (25) .
Chronic response phase
Apoptotic cell death was detected at 1 and 3 dpl around the injury site and engulfment of damaged axons by macrophages (27) along with upregulati on of Msx-b in the gray matter observed at 3 dpl (26) . A pathway switch of descending axons from the white matter to the gray matter was observed during the regeneration processes (17) .
In order to promote the regeneration of axons in NMLF, IMRF & superior reticular formation (SRF), neurons started to overexpress Csrp1a gene to upregulate cysteine-and glycine-rich protein1a at 3 dpl, continued to 21 dpl (33). Following apoptotic cell loss, anti-apoptotic factors such as Bcl-2 and p-Akt in upper motor neurons of NMLF & IMRF activates at 1-6 dpl (35). As we described earlier in the acute phase, it has been found that upregulation increases in the level of sox-2 starts as soon as 1 dpl by ependymal cells around the central canal and continued to 20 dpl with a peak level at 3 dpl, related to ependymal cell proliferation after SCI (26, 34) . Highly expressed Sox11b and Ascl1 expression in ependymal cells as well as newly generated neurons continued in the chronic phase after lesion (25) . The increased expression of contactin-2 by motor neurons of NMLF at the early phase, sustained 6 and 11 dpl (30). Additionally, contactin1a was also upregulated in peripheral white matter and in periventricular cell layer of NMLF and IMRF at 6 and 11 dpl (39) .
Expression of HMGB1 despite short-term sharp increase at the beginning of the acute phase (4 hpl) shows a significant decrease at the end of the acute phase and remains low until 11 dpl but returns to the control level in 21 dpl (22) . Motor neurons, endothelial cells and microglia cells of NMLF produce HMGB1 to promote regeneration and angiogenesis (22) . Furthermore, high levels of miR-133b in NMLF continued to 7 dpl (reported at 1 and 7 dpl) (43) . Upregulation of legumain expression after spinal cord injury in adult zebrafish, as an essential component of the capacity of injured neurons to re-grow their axons, was also confirmed at 3 and 11 dpl in NMLF, IMRF and the caudal spinal cord. (32) . Also, highly expressed pou5f1, a positively mediator of re-growth, by ependymal, neuron-like and glia cells as well as vimentin overexpression in glia like and mesenchymal cells at 7 dpl has been detected (26) . At 1-7 dpl, Wnt/ß-catenin signaling was detected in radial glia cells in blastema to induce progenitor differentiation into neurons during the process of neurogenesis and axonal re-growth (7). Overexpression of inhibitory LPA by neuron-like and glia-like cells has been continued in the chronic phase after injury to prevent neural sprouting (23) . L1.2, a cell recognition molecule, and major vault protein (MVP) as well as other re-growing permissive proteins were detected in NMLF at 6 and 11 dpl (20) . While, L1.2 was preferentially expressed by motor neurons and immature neurons around the central canal, MVP is detected in ependymal cells, motor neurons, noradrenergic and dopaminergic neurons around the central canal in the gray matter and in spinal cord parenchyma (36) . In addition to neurons, the upregulation of L1.2 in putative glial cells (most likely astrocytes or oligodendrocytes) caudal to the lesion site at 7 and 14 dpl has also been reported (8) .
Another isoform of cell recognition molecules (L1); L1.1, significantly increased after several weeks delay to L1.2, in the projection neurons of NMLF, IMRF, the magno cellular octaval nucleus, the nucleus ruber, nucleus of the lateral lemniscus, and the tangential nucleus of the brain stem at 1-6 wpl (8, 16) . L1.1 also upregulated in Mauthner cells, a bilateral pair of giant projection neurons after distal lesion (8) .
Syntenin-a, involved in synapse formation, was highly expressed by neuron-and glia-like cells around the central canal and in the white matter 6 and 11 dpl (42) . At 11 dpl, neurons of NMLF and ependymal cells overexpressed Tenascin-C for promoting axonal regeneration from brain stem (12) .
Production of protein zero (P0) mRNA in the peripheral white matter enhances to caudally regenerate descending axons of brain stem to the lesion site 14 dpl (40) . Upregulation of inhibitory Ptena, in motor neurons and immature neurons around the central canal and in the white matter continued to 6 dpl and returned to normal levels at 11dpl (31) .
Regenerating neurons as well as neuron-associated glial cells express zfNLRR (zebrafish neuronal leucinerich repeat) in different parts of zebrafish CNS including the somatosensory medial funicular nucleus (MFN), the reticular formation, vagal motor nucleus (NXm), medial longitudinal fascicle (MLF), inferior reticular formation (IRF) in the medulla oblongata, medial octavolateralis nucleus (MON) and IMRF in the metencephalon. The adhesive strength of neurons is controlled by zFNLRR during neuronal growth in response to extracellular environment (18) . Retinoic acid signaling pathway was also detected during the motor neuron regeneration process (37) . Glial bridge, as a mechanical facility of zebrafish spinal cord, supports the regenerating axons. Overexpression of fgf3 and its target gene in fgf signaling, spry4, in glia cells and neurons is involved in glia bridge formation and was detected at 2-3 wpl (37, 24) .
Cellular changes
Parallel to molecular alterations, various kinds of glial and neural progenitor cells also undergo changes after spinal cord injury; the motor neuron progenitorlike, ependymoradial glial cells proliferated and over expressed olig-2 at 14 dpl to facilitate proliferation and differentiation of motor neurons and continued to 6 wpl (37, 38) . Neurogenic spinal radial glia progenitors are able to differentiate neurons and interneurons after injury (19) .
Ependymoradial glial cells (lining the central canal) were proliferated and overexpressed patched1 receptor, known as a target gene of the Hedgehog (hh) signaling at 14 dpl, which has a major effect on the regeneration of motor neurons. These cells also upregulated other transcription factors such as Pax6 and Nkx6 at 2-6 wpl (37). One study reported that Pax6 and Nkx6.1 were detected in V2 (ventral domain two) interneurons (differentiated from the V2 interneuron progenitor) after injury (29) . At 14 dpl, notch1a and notch1b, receptors of notch signaling pathway were upregulated from undetectable levels around the central canal. In addition to receptors, other ligands of notch signaling pathway including Her9, deltaC, Her4, 5 and Jagged1b were upregulated in the chronic phase after injury. Altogether, notch signaling inhibits motor neuron generation and progenitor proliferation in the ventromedial injured spinal cord (21) .
Throughout all mature neurons, dopaminergic and serotonergic neurons were particularly evaluated and showed massive innervation in order to promote motor neuron regeneration by secretion of serotonin and dopamine during regeneration. Serotonin promotes proliferation of these cells after injury (15, 28) . Dopaminergic axons are originated from diencephalon, and serotonergic axons are derived from descending axons of the brain stem. PMN-like ependymoradial glial cells, radial glial cells and oligodendrocytes express serotonin receptors; thus, these cells are affected by serotonergic axons after injury.
In summary, as principal mechanisms of regeneration after SCI in zebrafish, Wnt/ß-catenin signaling, L1.1, L1.2, MVP, contactin-2 and HMGB1 had positive effects on axonal re-growth, while Ptena has an inhibitory effect (7, 8, 16, 36) . Neurogenesis is stimulated by Wnt/ß-catenin signaling as well as HMGB1, but inhibited by Notch signaling (7, 22, 21) . Glial cells proliferate in response to fgf signaling and LPA (23, 24, 37) . Furthermore, fgf signaling pathway causes glia bridge formation in favor of axonal regeneration (24, 37) . In the acute phase, LPA and HMGB1 stimulate inflammatory responses around injury and suppress regeneration (22, 23) . LPA also induces microglia activation and neuronal death in addition to glia cell proliferation, but prevents neurite sprouting (23, 24, 37) .
Limitations
Since specific search decreases the number of papers in the screening phase, we did not design our search strategies very specifically in order to include all the related papers for screening. In general, a systematic review requires a comprehensive literature involving at least two databases. However, PubMed is the most complete bibliographic database of biomedicine; Meshbased queries return more relevant articles compared to keyword searching and generally are recommended by librarians. While it is desirable to include the greatest possible number of applicable articles in the first screening level of a systematic review due to lack of relevant literature in the scope of our study, only 130 results were gathered after the duplication removal. Data quality assessment for each article has not been considered and discussed separately. Also, there is no comparison with other systematic reviews.
Conclusion
The zebrafish is an excellent model to study the mechanisms underlying successful and failed axonal regeneration after SCI. However, molecular and cellular mechanisms involved in this phenomenon are not fully understood. Uncovering the molecular mechanism for endogenous regeneration of adult zebrafish spinal cord would give us more clues on important targets for future therapeutic approach in mammalian spinal cord repair and regeneration. This study provides a systematic review of the known molecules and mechanisms in the current literature involved in the SCI regeneration in zebrafish, in a time course manner. A better understanding of the whole determining mechanisms in this process should be considered as the main goal for future studies.
